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We demonstrate that a combination of calculating the exact electrostatic potential and approxi-
mate volume exclusion within the sub-nanometer selectivity filter of a biological ion channel is
critical for estimating the selectivity of the ion channel1. Biological membranes separate solu-
tions of different ionic composition which can lead to significant transmembrane voltages and
chemical potentials. Ion selective biological ion channels are used by nature to manage these
potentials.
 Boda et al. 501
on the concentrations of ions in the baths. Models or 
simulations (e.g., of molecular dynamics) that use only 
one concentration in the bath could not predict any of 
these phenomena. Computations done with a concen-
tration of “zero”—implicitly assumed when in!nitely di-
lute solutions are considered—would be at a particular 
disadvantage in describing these phenomena that de-
pend on the variation of concentration in the baths in 
the domain where nonideal properties are important.
The average number of ions in the central 5-Å section 
of the pore provides an i dex of this selectivity for ion 
size (Fig. 3). The absorption curves for Na+ and K+ are 
similar to those for Ca2+ and Ba2+. The effect of ion size 
on ion absorption thus does not substantially depend 
on ion valency, even though the valency has large effects 
on all electrostatic forces. (Electrostatic screening forces 
vary with the square of the valency.) We conclude that 
the size effect is not chie"y due to size-dependent elec-
trostatic screening, but to a direct competition for space.
Co centrati n pro!les like those of Fig. 2 can be used 
to predict slope conductance for a channel tested with 
a small driving force, so that simulation results and ex-
perimental conductances can be compared. Because our 
simulations do not include hydrogen ions, their com-
parison with experiment needs to be safeguarded against 
complications due to hydrogen ions. Calcium channel 
currents carried by 160 mM of alkali metal ions (except 
Li+) are depressed by physiological amounts of hydro-
gen ion (Pietrobon et al., 1989), as if the glutamate 
groups of the EEEE locus are partially neutralized by 
protonation and thus attract less alkali metal counter-
ion for conduction. The apparent pKA for blockade of 
Na+ current is 7.5 (Fig. 5 of Pietrobon et al., 1989). Our 
simulations with Na+ thus can be compared with experi-
ments performed at pH 9. Currents carried by 1.8 mM 
Ca2+ are not signi!cantly reduced by lowering pH to 6.5 
(Prod’hom et al., 1989), and currents carried by ≥50 mM 
Ba2+ appear to be saturated at pH ≥ 7.4 (Prod’hom et al., 
1989; Kuo and Hess, 1993b; Klöckner and Isenberg, 
1994). Simulations excluding hydrogen ions and using 
a total concentration of 50–100 mM for these divalent 
cations thus seem to be comparable to the published 
experimental conductances.
Comparisons of experimental and computed conduc-
tion are shown in Fig. 4. In one experiment, the extra-
cellular mole fractions of Li+ and Na+ were varied at a 
Figure 1. Geometry of the model. (A) Axial cross section through 
the central region of the cylindrical simulation cell containing the 
pore. The selectivity !lter is the central pore region (R = 3.5 Å, L = 
10 Å) con!ning the oxygen ions of the EEEE locus. The dielectric 
coef!cients are dw = 80 (aqueous regions, light gray) and dp = 10 
(protein and membrane regions, white and dark gray). (B and C) 
Spatial views of the surface grid used in discretizing the dielectric 
interface at the pore wall, and a snapshot of the eight structural 
oxygen anions (red) and two cations dwelling in the pore (green, 
Ca2+; blue, Na+). Ions are represented as charged hard spheres 
with crystal radii (in Å: Ca2+ 0.99; Ba2+ 1.35; Li+ 0.6; Na+ 0.95; K+ 
1.33; Cl 1.81; O1/2 1.4).
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on the concentrations of ions in the baths. Models or 
simulations (e.g., of molecular dynamics) that use only 
one concentration in the bath could not predict any of 
these phenomena. Computations done with a concen-
tration of “zero”—implicitly assumed when in!nitely di-
lute solutions are considered—would be at a particular 
disadvantage in describing these phenomena that de-
pend on the variation of concentration in the baths in 
the domain where nonideal properties are important.
The average number of ions in the central 5-Å section 
of the pore provides an index of this selectivity for ion 
size (Fig. 3). The absorption curves for Na+ and K+ are 
similar to those for Ca2+ and Ba2+. The effect of ion size 
on ion absorption thus does not substantially depend 
on ion valency, even though the valency has large effects 
on all electrostatic forces. (Electrostatic screening forces 
vary with the square of the valency.) We conclude that 
the size effect is not chie"y due to size-dependent elec-
trostatic screening, but to a direct competition for space.
Concentration pro!les like those of Fig. 2 can be used 
to predict slope conductance for a channel tested with 
a small driving force, so that simulation results and ex-
perimental conductances can be compared. Because our 
simulations do not include hydrogen ions, their com-
parison with experiment needs to be safeguarded against 
complications due to hydrogen ions. Calcium channel 
currents carried by 160 mM of alkali metal ions (except 
Li+) are depressed by physiological amounts of hydro-
gen ion (Pietrobon et al., 1989), as if the glutamate 
groups of the EEEE locus are partially neutralized by 
protonation and thus attract less alkali metal counter-
ion for conduction. The apparent pKA for blockade of 
Na+ current is 7.5 (Fig. 5 of Pietrobon et al., 1989). Our 
simulations with Na+ thus can be compared with experi-
ments performed at pH 9. Currents carried by 1.8 mM 
Ca2+ are not signi!cantly reduced by lowering pH to 6.5 
(Prod’hom et al., 1989), and currents carried by ≥50 mM 
Ba2+ appear to be saturated at pH ≥ 7.4 (Prod’hom et al., 
1989; Kuo and Hess, 1993b; Klöckner and Isenberg, 
1994). Simulations excluding hydrogen ions and using 
a total concentration of 50–100 mM for these divalent 
cations thus seem to be comparable to the published 
experimental conductances.
Comparisons of experimental and computed conduc-
tion are shown in Fig. 4. In one experiment, the extra-
cellular mole fractions of Li+ and Na+ were varied at a 
Figure 1. Geometry of the model. (A) Axial cross section through 
the central region of the cylindrical simulation cell containing the 
pore. The selectivity !lter is the central pore region (R = 3.5 Å, L = 
1  Å) con!ning the oxygen ions of the EEEE locus. The dielectric 
coef!cients are dw = 80 (aqueous regions, light gray) and dp = 10 
(protein and membrane regions, white and dark gray). (B and C) 
Spatial views of the surface grid used in discretizing the dielectric 
interface at the pore wall, and a snapshot of the eight structural 
oxygen anions (red) and two cations dwelling in the pore (green, 
Ca2+; blue, Na+). Ions are represented as charged hard spheres 
with crystal radii (in Å: Ca2+ 0.99; Ba2+ 1.35; Li+ 0.6; Na+ 0.95; K+ 
1.33; Cl 1.81; O1/2 1.4).
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The high charge density within these ion channels requires computation of the electrostatic po-
tential to consider induced charges on the dielectric boundary between the aqueous solution nd
the protein/membrane. Here, this is efficiently achieved by constraining the dielectric bo ndary
to be constant, generating a set of surface elements, and pre-calculating a set of simultaneous
equations that provides the induced charge of these elements in response to the external electric
field.2,3
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